DNA replication in Archaea, as in other organisms, involves large protein complexes called replisomes. In the Euryarchaeota subdomain, only two putative replicases have been identified, and their roles in leading and lagging strand DNA synthesis are still poorly understood. In this study, we focused on the coupling of proliferating cell nuclear antigen (PCNA)-loading mechanisms with DNA polymerase function in the Euryarchaea Pyrococcus abyssi. PCNA spontaneously loaded onto primed DNA, and replication factor C dramatically increased this loading. Surprisingly, the family B DNA polymerase (Pol B) also increased PCNA loading, probably by stabilizing the clamp on primed DNA via an essential motif. In contrast, on an RNA-primed DNA template, the PCNA/Pol B complex was destabilized in the presence of dNTPs, allowing the family D DNA polymerase (Pol D) to perform RNAprimed DNA synthesis. Then, Pol D is displaced by Pol B to perform processive DNA synthesis, at least on the leading strand.
INTRODUCTION
DNA replication occurs by a functionally conserved mechanism in all organisms, including Bacteria, Eukarya, Archaea, and viruses, 1,2 and is tightly linked to the maintenance of genome stability. 3 DNA replication proceeds in three stages: initiation at the replication origins, DNA synthesis at the replication fork (elongation), and termination. Each of these processes involves different and successive stable or transient protein-protein and protein-DNA complexes; elongation depends on a large nucleoprotein assembly called the replisome. 4 DNA synthesis typically involves a protein triad composed of a clamp-loader, a sliding clamp, and a replicative DNA polymerase. In Eukarya and Bacteria, the clamp-loader catalyzes the assembly of the ring-shaped clamp around primer DNA in an ATP-dependent process; a replicative DNA polymerase is subsequently recruited and catalyzes highly processive DNA synthesis. 5, 6 In Archaea, it has been reported that the clamp-loader does not require ATP hydrolysis to perform functional loading of the PCNA clamp.
that the DNA polymerase and clamp-loader actually bind to the same face of the clamp and, in fact, compete with one another. 36 It has been proposed that during Okazaki fragment maturation, proteins involved in this process compete for binding to the PCNA. 37, 38 More recently, studies of the interplay between DNA replication and DNA repair suggest a modification of the composition and the processivity of the PCNA-protein complex, specifically the switching of the DNA polymerase involved in the process. 35, [39] [40] [41] A DNA polymerase switch model was also described for the establishment of cohesion between sisters chromatids.
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Crenarchaea possess several (up to three) family B monomeric DNA polymerases 43, 44 whereas Euryarchaea possesses one family B and one heterodimeric DNA polymerase belonging to family D that has only been found in this sub-domain. [45] [46] [47] [48] We have previously
shown that the two DNA polymerases from P. abyssi, PabPol B and PabPol D, were required for DNA replication and that only Pol D displayed RNA elongation and RNA stranddisplacement activity in the presence of PCNA. 49 In the current study, we investigated PCNAloading and recruitment of the two putative replicases. The subunit interactions within the complexes, coupled with functional studies, allows us to propose that DNA polymerase switching might occur on the loaded PCNA during euryarchaeal DNA replication.
RESULTS
PabPCNA spontaneous loading on primed single-stranded DNA is enhanced at high temperature and reinforced by PabRF-C and PabPol B.
Up to now, only indirect evidence suggested that archaeal PCNA could load spontaneously onto DNA. Therefore, we analyzed the loading of PabPCNA onto different types of DNA substrate: short primed or non-primed 3'-5' biotinylated DNA template (ssDNA) or primed
M13ssc. On the short synthetic substrate, loading was visualized in the absence of PabRF-C (Figure 1(a) ). Loading occurred on ssDNA (lanes 2-5) but was more efficient on primed DNA (lanes 6-9). Spontaneous loading of PabPCNA onto primed ssDNA was increased at higher temperatures as demonstrated in Figure 1 (b). Indeed, the loading efficiency at 37°C was only about 10% of that measured at 65°C. Moreover, including a non-biotinylated primed ssDNA as a competitor in the incubation dramatically reduced the loading efficiency: a six-fold reduction was observed at 65°C. This indicates that the PabPCNA interaction with the DNA template is specific.
Spontaneous loading was also observed using the cross-linking method previously described for human PCNA 50 with a more physiological template, namely primed M13ssc DNA ( Figure   2 To check the specificity of the loading, we next performed comparative studies with wild-type
PabPCNA and the triple mutant PabPCNA(ded). This mutant could not trimerize ( Figure   2 (d)), and loading was defective in all conditions tested (Figure 2 (a), lanes 6-9). This data was supported by an experiment using fluorescently labeled molecules: DNA and PabPCNA colocalize on the gel (Figure 2(b) ). Indeed, when superposed, images acquired respectively at 488 and 532 nm showed co-localization of PCNA and DNA (yellow co-localization signal).
In addition, these data confirmed the specific interaction observed between PabRF-C and PabPCNA loading onto DNA. We concluded that PabPCNA was loaded as a homotrimer and that the technique used for measuring the loading was accurate.
When PabPol B was added to the loading reaction, spontaneous loading of PabPCNA onto circular primed DNA was markedly increased (Figure 2 Since PabPol B stimulated the binding and loading of PabPCNA onto DNA, we added dNTPs into the loading reaction to determine whether a functional complex could form that was able to perform primer elongation. At first, when we used a higher resolution agarose gel, two loading populations were resolved (Figure 3(a) ), and the addition of PabPol B increased the two loading forms on primed and non-primed M13ssc DNA (Figure 3(a) , compare respectively lanes 6 and 2 with lanes 10 and 11). However, while the signal was increased 9-fold on primed M13ssc (compare lanes 2 and 11), the increase was only 2-fold on non-primed DNA (compare lanes 6 and 10). When dNTPs were added to the incubation mixture, primer elongation was efficient. Primer elongation took place only with primed M13ssc DNA ( Many DNA polymerases contain a conserved PCNA-binding motif (PIP-box) located at the C-terminus. 51 We deleted this motif in PabPol B and tested the ability of PabPol B(∆pip) to stimulate PabPCNA loading. As shown in Figure 3 Since PabRF-C affected only the PCNA-stimulation and DNA synthesis of PabPol B, a competition between Pol B and the clamp-loader for interacting with the PCNA could occur.
To investigate this hypothesis, we analyzed the interactions between the partners on a short primed 3'-5' biotinylated DNA template. The experiments were carried out with the same molar ratio for the different proteins, which were sequentially added to the reaction mixture. In this study, we investigated how the clamp-loading mechanism is coupled to DNA synthesis in the archaeon P. abyssi. We focused on mechanisms that could modulate the interaction of the two DNA polymerases, PabPol B and PabPol D, with the loaded PabPCNA.
We first used cross-linking 50 and pull-down experiments to show that PabPCNA spontaneously loaded onto synthetic short DNA templates as well as onto physiological DNA templates. Up to now, only indirect evidence had been obtained regarding the spontaneous loading of archaeal PCNA. 21 The loading was particularly efficient at high temperature (65°C) and with a primed template, which is in accordance with the physiological function of PCNA. By quantifying the amount of loaded PCNA, we found that about 15% loaded spontaneously compared to the amount loaded in the presence of PabRF-C and ATPγS; the clamp-loader was thus required for improving loading efficiency. As expected, no loading on any template was observed using mutant PabPCNA defective in trimerization. This mutant PCNA was also unable to stimulate DNA synthesis by the DNA polymerases. Taken together, these data suggest that the RF-C is not required in vivo for loading of the archaeal PCNA.
Interestingly, this implies that in Archaea, PCNA can be loaded onto circular DNA without energy (i.e. without ATP hydrolysis). Comparable results were obtained using primed M13
single-stranded DNA and the double biotinylated 75-mer, showing that spontaneous loading could not be attributed to the presence of linearized M13 DNA. In addition, the M13 circular DNA substrate was resistant to exonuclease VII digestion (results not shown). The selfloading of the archaeal PCNA could be due to the presence of additional ion pairs and fewer hydrogen bonds at the subunit interfaces. 31 In agreement with our data, it was previously shown that ATP hydrolysis by RF-C is not essential for either clamp loading onto DNA or the subsequent closing of the PCNA ring. 25 It has also been suggested that the RF-C open/PCNA open state could be transformed to the RF-C closed/PCNA closed state by the consumption of very little energy. 26 The existence of an equilibrium between open and closed PCNA could also explain the two bands we observe in the loading assay, with only one of them (the closed form) able to stimulate primer elongation ( Figure 3 ). M13 DNA is highly structured, 56 and protein binding may influence its structure. This view is supported by the data in Figure 3 , where very different migration properties are observed in the presence of RF-C.
Our second major observation was that the PCNA loading efficiency was boosted by PabPol B. In the loading assay with PabPol B, we observed a signal similar to that observed with the PabRF-C complex, suggesting that once PabPol B interacts with PCNA, a very stable complex is formed on the DNA. This is similar to the situations previously described for the gp45 clamp with T4 DNA polymerase 57 and for the p125 subunit of DNA polymerase δ.
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The clamp is thus stabilized on the DNA by the DNA polymerase. shown that human RF-C displays significant binding to DNA templates. [59] [60] [61] This strong and non-specific affinity is essentially due to the N-terminus of the p140 RF-C, which contains a DNA binding domain. 62, 63 However, this N-terminal motif is lacking in the archaeal RF-C homologue. 7 The lack of strong non-specific DNA binding is reinforced by our results
showing that PabRF-C did not inhibit PabPol D DNA synthesis.
Previous studies have proposed that RF-C is interacting with PCNA when Pol δ binds to PCNA, suggesting that RF-C travels with Pol δ and PCNA. 64 Also in Archaea, the clamploader is presumed to be released from the loaded PCNA after ATP hydrolysis. 65 We show here that the picture could be different when DNA polymerases are present in the complex and that the RF-C could travel with the Pol and the PCNA during DNA synthesis. PabPols and PabRF-C exhibit the consensus Pip motif (QVGLGAWLKF and QVTLFDFI, respectively) at the C-terminus, and PabPol B increased the loading of the PCNA via this motif. Therefore, more than one partner, but only one DNA polymerase, can bind to PCNA.
At the C-terminus of all Pyrococcus RF-C large subunits, there is a 56 amino acid peptide sequence just in front of the PIP box that contains 49 charged amino acids (Lys, Glu, or Arg).
This sequence might be poorly structured and could be a flexible connector between the PIP box and the main part of the P. abyssi large subunit. This cluster contains ten residues upstream of the PIP box that are important for stable binding to the PCNA 66 . Moreover, an interaction between the subunit DP1 of PhoPol D and the large subunit of PhoRF-C has been detected in Pyrococcus horikoshii. 67 Additional studies are required to elucidate the role of RF-C during archaeal DNA replication.
In the conditions tested, PabPol D is able to perform RNA primer extension and RNA strand displacement, whereas PabPol B is not. 49 the PCNA genes, and the proteins were expressed and purified as described previously. were added. The reaction mixture was then loaded onto a 0.8% agarose gel (TBE buffer containing 0.1% SDS) and electrophoresis was performed for 1-2 hours in the same buffer.
The gel was then fixed with 10% trichloroacetic acid (10 min), rinsed two times in 10% acetic acid, 12% methanol (10 min), dried under a vacuum and finally revealed by autoradiography.
Fluorescence imaging was made by using a PabPCNA(L211C) labeled with tetramethylrhodamine and a M13ssc DNA primed with a 5'-fluorescein-labelled primer.
Images were acquired on a Typhoon 9400 imager (Amersham Biosciences, Orsay, France).
Interactions studies using biotin-labeled DNA template coupled to streptavidin beads 
Primer extension assays
The primer extension reactions (25 µl total volume) were incubated for 20 min at 65°C. Each 
